The mast cell response in skin and lymph nodes was examined during the sensitization phase of dinitrofluorobenzene (DNFB)-induced contact hypersensitivity in mice. Degranulation of 62% of mast cells in DNFB-exposed skin was evident within 30 min of a dual application of DNFB, reaching a peak of 77% at 24 h, and persisting in 42% after 5 d. Abundant expression of macrophage inflammatory protein (MIP)-1alpha and MIP-1beta mRNAs and proteins was observed in keratinocytes, and mast cell degranulation was significantly inhibited after administration of neutralizing antibodies to MIP-1alpha, but not MIP-1beta. During DNFB sensitization, the mast cell density in the skin decreased by half, concurrent with a fivefold expansion of mast cell numbers in draining lymph nodes. Fluorescent-labeled mast cells injected into the skin appeared in draining lymph nodes after application of DNFB, followed by subsequent migration to the spleen. In lymph nodes, mast cells were an abundant and predominant source of MIP-1beta, neutralization of which partially inhibited T lymphocyte recruitment. These results indicate that mast cells contribute to the induction of this primary immune response by activation at and migration from the site of antigen encounter to draining lymph nodes, wherein they mediate T lymphocyte recruitment by production of MIP-1beta.
Introduction
A role for mast cells in a range of inflammatory and immunological events has been established clearly (1) . For example, mast cells or their products have been shown to be pivotal in mediating leukocyte recruitment in vivo (2) (3) (4) (5) , they appear to play a key role in defense against bacterial infections (6) (7) (8) , they interact directly with cells of the adaptive immune system (9) (10) (11) , they are a primary source of a range of cytokines (5, (12) (13) (14) (15) (16) , and they can present exogenous antigen to T lymphocytes in vitro (17) (18) (19) .
Apart from classical IgE-mediated mechanisms, mast cells can be activated by cross-linking of surface Fc ␥ RIII molecules (20, 21) , augmented by immune complex-mediated complement fixation (22, 23) . A range of small peptides has been reported to elicit mast cell degranulation including substance P (24) , calcitonin gene-related peptide (25) , and endothelins (26) . The ␤ -chemokines, monocyte chemoattractant peptide (MCP) 1 -1 and macrophage inflammatory protein (MIP)-1 ␣ , cause degranulation of mouse or rat mast cells in vitro (27, 28) and in vivo (29) , although others have reported that these and other ␤ -chemokines cause migration, but not activation of mast cells in vitro (30) .
Increases in the local density of mast cells within inflamed tissue have been described in a number of diseases such as asthma (31) and rheumatoid arthritis (32). Such increases could occur by recruitment of mast cell precursors from the circulation followed by local maturation, local proliferation of resident mast cells, or migration of mature mast cells from adjacent tissues. The latter possibility is supported by reports that mast cell numbers increase in airway mucosa of dogs within 1 h of local antigenic challenge (33) , and that there is a significant increase in submucosal mast cell density in human asthmatic lungs 6 h after antigen exposure (34) . The kinetics of cell accumulation observed in these studies support rapid migration of mature mast cells, and recently Friend et al. provided evidence of mast cell migration from the jejunum to the spleen during resolution of intestinal parasitic infection in mice (35) .
In this study, we have examined in detail the mast cell response in the skin and draining lymph nodes of mice during the sensitization phase of dinitrofluorobenzene (DNFB)-induced cutaneous contact sensitivity. Induction of this primary immune response provides a model to study the interaction of mast cells with cells involved in adaptive immunity in vivo. We have found that mast cells exhibit prominent and prolonged degranulation in the skin, which is partially due to local production of the chemokine MIP-1 ␣ . Furthermore, we have found that skin mast cells migrate in large numbers to the draining lymph nodes, wherein the primary immune response is initiated. In lymph nodes, mast cells are the primary source of a second chemokine, MIP-1 ␤ , which acts to recruit T lymphocytes to the lymph node. This is the first direct evidence in vivo that mast cells migrate from a site of antigen encounter, via afferent lymphatics to the draining lymph nodes, wherein they participate in induction of a primary immune response.
Methods
Sensitization with DNFB. C3H/HeN and BALB/c sex-matched mice, at 6-8 wk of age, were obtained from the Animal Breeding and Holding Unit, the University of New South Wales, and kept under specific pathogen-free conditions throughout the experiment. 25 l (1.5 g) of 0.5% DNFB in 4:1 acetone/olive oil (Sigma Chemical Pty. Ltd., Sydney, Australia) was applied onto the shaved abdomen or footpads of mice on days 0 and 1, according to the previously described optimal dosage for these mouse strains (36) . Control animals were painted with acetone/olive oil (vehicle control). In some experiments, BALB/c mice were treated with an intraperitoneal injection of 50 or 500 g per animal of goat anti-mouse polyclonal neutralizing antibodies directed against MIP-1 ␣ or MIP-␤ (R&D Systems, Minneapolis, MN), 4 h before DNFB sensitization. Control animals were injected with the same amount of pooled normal goat IgG.
Histological studies. The animals were killed at various time points of the experiment. Skin and lymph node specimens were fixed in Carnoy's solution or 10% buffered formalin (pH 7.0), respectively, and embedded in paraffin. 4-m serial sections were cut. Mast cells were stained with the previously described 0.5 N HCl (pH 0.5) toluidine blue method (37) .
Quantitative histomorphometric assessment of mast cell density in toluidine blue-stained sections was performed using a computerassisted image analysis system (38) . The slides were coded before counting and analyzed by a microscopist unaware of the treatment allocation. The mast cell density was calculated as cell number per mm 2 of section area. Mast cell degranulation was graded according to a previously published method (39) . Percent degranulation was calculated as: ( degranulated mast cell count/total mast cell count ) ϫ 100.
Immunohistochemical staining. An antigen retrieval procedure was undertaken by heating paraffin sections in a microwave oven in 0.01 M citrate buffer (pH 6.0). Endogenous peroxidase activity was inhibited in 3% H 2 O 2 for 10 min. Sections were then incubated with primary antibodies; goat anti-mouse MIP-1 ␣ or MIP-1 ␤ (R&D Systems), and affinity-purified polyclonal rabbit anti-mouse mast cell protease-5 (mMCP-5) (40), for 1 h at room temperature, followed by HRP-conjugated donkey anti-goat IgG (Serotec, Australian Laboratory Services, Sydney, Australia) for 1 h; or biotinylated goat antirabbit antibody (DAKO, Glostrup, Denmark) for 40 min, followed by streptavidin-HRP (Vector Laboratories Inc., Burlingame, CA) for 1 h. 3-amino-9-ethylcarbazole (AEC) was used as a chromogen followed by counterstaining with hematoxylin.
In situ hybridization. A nonisotopic in situ hybridization technique was used to investigate MIP-1 ␤ and MIP-1 ␣ mRNA expression. Single-strand cRNA probes were produced from murine MIP-1 ␤ and MIP-1 ␣ plasmid cDNAs by in vitro transcription and labeled by the digoxigenin method (Boehringer Mannheim, Berlin, Germany). Paraffin sections were treated with 0.2 N HCl for 15 min, digested with proteinase K (10 g/ml) for 30 min at 37 Њ C, fixed in 4% paraformaldehyde for 5 min, and rinsed with PBS. After a 2-h prehybridization at 48 Њ C, slides were hybridized with the cRNA probes (100 ng/25 l) at 48 Њ C overnight, after which the slides were washed twice with 2 ϫ SSC for 15 min. Unhybridized probe was digested in 100 g/ml RNase at 37 Њ C for 30 min. The slides were then washed in 2 ϫ SSC and 1 ϫ SSC for 15 min each, followed by another 15-min wash with prewarmed 0.5 ϫ SSC at 48 Њ C. Sections were processed for immunological detection as described in the DIG nucleic acid detection protocol (Boehringer Mannheim), then counterstained with 1% neutral red and mounted.
Generation of fluorescent-labeled bone marrow-derived mast cells (BMMC). BMMC were obtained by culturing primary bone marrow cells from BALB/c mice as described previously (40) with the following modifications. Bone marrow cells were cultured in complete Iscove's modified Dulbecco's media (GIBCO BRL, Gaithersburg, MD) supplemented with a combination of 30% WEHI-3B cell conditioned media and 20% NIH 3T3 cell conditioned media. The purity of 6-wk cultured BMMC was Ͼ 95% by toluidine blue staining. The PKH fluorescent general cell linker kit was purchased from Sigma, and the labeling procedure was undertaken according to the kit protocol. The efficiency of labeling determined by flow cytometry was 99.1 and 96.5% with PKH26 and PKH2, respectively (data not shown). After PKH labeling, viability of BMMC cells was 94% by trypan blue exclusion. The left footpad of each BALB/c mouse was intradermally injected with 10 6 PKH26 (red fluorescent) labeled BMMC, and the right footpad with 10 6 PKH2 (green fluorescent) labeled cells. After 48 h the left footpad was painted with 10 l of 0.5% DNFB in 4:1 acetone/olive oil on days 0 and 1, and the right footpad was painted with acetone/olive oil as control. The animals were killed at 4 and 24 h after the second DNFB application. There were four mice in each time point. Footpads and popliteal lymph nodes were collected and frozen sections were cut. The sections were examined under a fluorescent microscope.
Statistical analysis. A two-tailed Mann-Whitney test was performed with the statistical software program, SPSS for Windows Rel 7.0 (SPSS Inc., Chicago, IL). Data were expressed as mean Ϯ SEM. P Ͻ 0.05 was considered significant.
Results

MIP-1 ␣ and MIP-1 ␤ expression is induced in skin after DNFB sensitization.
In the skin of acetone/olive oil-treated control mice, basal expression of the MIP-1 ␣ gene was detected by in situ hybridization in the cells surrounding hair follicles (data not shown). This was further confirmed by immunohistochemical staining showing MIP-1 ␣ protein to be present in these cells ( Fig. 1 A ) . Although keratinocytes did not express this chemokine in control mice, a single application of DNFB caused a rapid appearance of MIP-1 ␣ mRNA at 30 min and protein at 2 h in the keratinocytes of the exposed skin, and there was substantially enhanced staining for MIP-1 ␣ protein around hair follicles. Abundant MIP-1 ␣ protein was present in keratinocytes by 8 h after a single DNFB exposure ( Fig. 1 B ) , and remained as long as 48 h after the second DNFB exposure (data not shown).
In contrast to MIP-1 ␣ , there was no basal expression of either MIP-1 ␤ mRNA or protein in control skin (data not shown). However, as early as 4 h after a single exposure to DNFB, MIP-1 ␤ mRNA expression was clearly evident in keratinocytes, mainly at the basal layer of the dermis and in hair follicles (Fig 1 C ) . Whereas MIP-1 ␣ protein was detected as early as 2 h after a single DNFB exposure and was abundant at the 8-h time point ( Fig. 1 B ) , the appearance of MIP-1 ␤ protein was slower, being detectable by 8 h, and abundant at 24 h after dual DNFB application ( Fig. 1 D ) . Fibroblasts were also found as a source of MIP-1 ␤ mRNA after the second DNFB application. Additional cells which contained MIP-1 ␤ mRNA were identified as mast cells using immunostaining with anti-mMCP-5 antibody on adjacent sections of the skin (Fig. 1 , E and F ).
DNFB sensitization causes a rapid and prolonged activation of skin mast cells. As assessed by toluidine blue staining, there was no evidence of significant mast cell degranulation in sections of control skin at any time point after treatment with the DNFB vehicle, acetone/olive oil ( Fig. 2 A ) . A minority of mast cells appeared activated (grade 1 ϩ degranulation), after a single exposure to DNFB, with a gradual increase up to 13.9 Ϯ 0.1% of skin mast cells showing degranulation at the 8-h time point. In contrast, there was a profound response after a second exposure to DNFB, which induced 61.7 Ϯ 3.5% of all mast cells to degranulate within 30 min, with the degranulation graded up to 3 ϩ at 4 h after the second painting ( Fig. 2 B ) . By 24 h, the percentage of mast cells showing degranulation reached a maximum of 76.7 Ϯ 7.3%, and even at day 5 after the second exposure, 41.3 Ϯ 6.6% of mast cells still exhibited degranulation ( Fig. 2 E ) . This persistent mast cell degranulation gradually resolved with a return to control levels by day 28, al- Anti-MIP-1␣ antibody inhibits DNFB-induced mast cell degranulation. To determine if the extensive local production of MIP-1␣ and/or MIP-1␤ by keratinocytes after DNFB sensitization was contributing to the prolonged degranulation of mast cells we observed, neutralizing antibodies to MIP-1␣ or MIP-1␤ were administered 4 h before DNFB sensitization. As assessed by toluidine blue staining 24 h after the second DNFB sensitization, there was a significant inhibition of mast cell degranulation by anti-MIP-1␣ (Fig. 2 C) but not anti-MIP-1␤ ( Fig. 2 D) neutralizing antibodies. Using quantitative histomorphometry on these sections of skin at 24 h after DNFB sensitization, either 50 or 500 g/animal of anti-MIP-1␣ neutralizing antibody caused a mean of 34-38% inhibition of total mast cell degranulation compared with untreated, DNFB-sensitized animals (P Ͻ 0.01) or compared with control normal goat IgG-treated, DNFB-sensitized animals (P Ͻ 0.05) (Fig. 2  F) . Inhibition of mast cell degranulation by either 50 or 500 g/ animal anti-MIP-1␤ neutralizing antibodies was not significantly different from the control IgG. The use of a combination of neutralizing antibodies to both MIP-1␣ plus MIP-1␤ resulted in a similar level of inhibition of mast cell degranulation as anti-MIP-1␣ antibody alone (Fig. 2 F) .
DNFB sensitization causes a reduction of mast cell numbers in skin and an expansion in draining lymph nodes. After a single exposure to DNFB there was a small ‫ف(‬ 10%) reduction in mast cell density in skin (data not shown). After the second exposure to DNFB, statistically significant decreases in mast cell numbers were found in the exposed skin at each time point up to day 5, in comparison to the numbers in acetone/olive oil-treated control animals (P Ͻ 0.05) ( Fig. 3 A) . This reduction in mast cell density in skin gradually returned towards the pretreatment levels by 28 d. On the other hand, there was a rapid and substantial increase of mast cells in the lymph nodes after the two sensitizing exposures to DNFB. From a baseline mean density of 85.3Ϯ4.4 mast cells/mm 2 of lymph node in acetone/olive oil-treated control mice, a peak mean mast cell density of 198.7Ϯ6.5 mast cells/mm 2 was observed 4 h after the second exposure to DNFB ( Fig. 3 B) (P Ͻ 0.01). The expansion of mast cells was predominantly in the subcapsular region ( Fig. 3  C) , when compared with control lymph nodes ( Fig. 3 D) , suggesting possible influx of mast cells via afferent lymphatics.
The draining lymph nodes underwent significant expansion after DNFB sensitization with a 2.5-fold increase in weight and a 3-fold increase in numbers of nucleated cells (Table I) . Flow cytometry of lymph node single cell suspensions from DNFBtreated mice showed a fourfold increase in CD3 lymphocytes at 24 h compared with the numbers in lymph nodes from control-treated mice. Given this overall 2.5-fold increase in lymph node size, the doubling of mast cell density in these enlarged lymph nodes represented an ‫ف‬ 5-fold expansion of total mast cell numbers as assessed at 4 h after the second DNFB expo-sure. The administration of neutralizing anti-MIP-1␣ or anti-MIP-1␤ antibodies, either alone or in combination 4 h before DNFB application, had no significant effect on the DNFBinduced changes in mast cell densities either in skin or lymph nodes when assessed either 4 or 24 h after DNFB sensitization (data not shown).
Fluorescent-labeled mast cells migrate from skin to regional lymph nodes after DNFB sensitization. The parallel decrease in skin mast cell density and increase in lymph node mast cell numbers raised the possibility of mast cell migration from skin to lymph nodes via afferent lymphatics during DNFB sensitization. To investigate this possibility, BMMC were generated and labeled in vitro with one of two different fluorescent dyes, PKH-26 (red fluorescence) or PKH-2 (green fluorescence), then injected into left or right mouse footpads, respectively. These fluorescent dyes are permanently incorporated into cells even after cell division and thus reliably and irreversibly label the cells of interest. After 48 h, the footpads were treated with DNFB on the left and acetone/olive oil on the right, and fluorescent-labeled mast cells were examined in the footpads and draining lymph nodes after the second exposure.
Similar numbers of fluorescent BMMCs were present in both the control (Fig. 4 A) and DNFB-treated ( Fig. 4 B) footpads. There was only an occasional green fluorescent mast cell in the popliteal lymph nodes from the right leg ( Fig. 4 C) , indicating minimal migration of intradermally injected labeled BMMCs from the footpad after exposure to acetone/olive oil only. In contrast, large numbers of red fluorescent BMMCs were observed in the subcapsular region of the popliteal lymph nodes from the left leg that had been exposed to DNFB ( Fig. 4  D) , providing direct evidence of migration of intradermally injected mast cells from skin to lymph nodes. There were no red fluorescent cells observed in the contralateral right popliteal lymph node, indicating migration was restricted to the affected leg and that transit occurred by lymphatics, rather than via the systemic circulation.
Since the spleen has been reported to be a repository of effete mast cells during resolution of intestinal parasitic infec-tions (35), we examined this organ for fluorescent mast cells. Numerous red fluorescent mast cells were observed within the spleen 24 h after DNFB treatment to the left footpad ( Fig. 4  E) , suggesting migration from popliteal lymph nodes to the Only an occasional green fluorescent mast cell is present in the right popliteal lymph node after two applications of acetone/olive oil vehicle control to the right footpad (C). In contrast, many red fluorescent mast cells have migrated to the left popliteal lymph node when assessed 4 h after two DNFB applications to the left footpad (D). Red fluorescent mast cells are also present in the spleen 24 h after two DNFB applications (E). (F-H) Lymph node mast cells produce MIP-1␤ mRNA after DNFB application to skin. In situ hybridization for expression of MIP-1␤ mRNA (blue color) in lymph node mast cells shows no expression of MIP-1␤ in lymph nodes from control-treated mice (F) although mast cells are present (see Fig. 3 D) , but there is abundant expression of this chemokine in subcapsular cells when assessed 4 h after two DNFB applications (G). An adjacent section stained with anti-mMCP-5 antibody demonstrates that the MIP-1␤ mRNA-positive cells in the lymph nodes are mast cells (H).
spleen. There were no green fluorescent mast cells observed in the spleen.
Lymph node mast cells produce MIP-1␤ which mediates T lymphocyte recruitment to lymph nodes. As assessed by in situ hybridization, MIP-1␤ mRNA was absent in lymph nodes from control-treated mice (Fig. 4 F) , but it was abundantly induced after DNFB sensitization, predominantly by cells found in the subcapsular and hilar region (Fig. 4 G) . On adjacent sections, these cells were identified as mast cells by staining with either toluidine blue or anti-mMCP-5 antibody (Fig. 4 H) . The appearance of MIP-1␤ occurred in parallel with expansion of T lymphocytes in the lymph nodes, suggesting that this mast cell-derived chemokine was contributing to T lymphocyte recruitment. In support of this, the administration of neutralizing anti-MIP-1␤ antibodies 4 h before DNFB application caused an ‫ف‬ 50% inhibition of the T lymphocyte expansion compared with either untreated or control normal goat IgG-treated animals (P Ͻ 0.01) ( Table I) . The relationship between chemokine production and T lymphocyte recruitment in lymph nodes is described in more detail in reference 41.
Discussion
This study has described a number of novel observations concerning mast cells during the induction phase of a primary immune response, sensitization with the hapten DNFB. First, mast cell activation, which is partially due to local release of MIP-1␣, is a major feature of the inflammatory response in the skin. Secondly, there is a 50% reduction of mast cell density in the sensitized skin concomitant with a fivefold expansion of mast cells in draining lymph nodes. This suggests migration of mast cells from skin to lymph nodes via afferent lymphatics and is supported by demonstration that fluorescent-labeled mast cells injected into the skin migrate to lymph nodes after DNFB application. Thirdly, mast cells were found to be the predominant source of MIP-1␤ in the draining lymph nodes, and neutralization of MIP-1␤ caused a 50% inhibition of T lymphocyte recruitment to lymph nodes, demonstrating the functional importance of this mast cell-derived chemokine during induction of this primary immune response.
Mast cell activation has been shown previously to be a prominent feature in the elicitation phase of contact hypersensitivity (42) (43) (44) (45) . The expression of various cytokines during both the sensitization and elicitation phases has been documented (46) (47) (48) (49) , including some that have specifically examined chemokine gene expression (46, 50, 51) , but the results have not been examined in relation to mast cell responses. In addition to a role in the elicitation phase, our results indicate that mast cell activation is also prominent in the sensitization phase of DNFB-induced hypersensitivity. Two striking observations were the degree of mast cell involvement with up to 77% of mast cells showing degranulation (Fig. 2 B) , and the prolonged nature of the degranulation (Fig. 2 E) . This suggests that the stimuli for mast cell activation are either extremely potent, that there are positive feedback mechanisms operating, or both. Several members of the ␤-chemokine family have been reported to activate basophils and eosinophils (52) . There is less information for the effects of these molecules on mast cells, although MIP-1␣ and MCP-1 cause degranulation of mouse or rat (27) (28) (29) but not human mast cells (53) .
The rapid induction of MIP-1␣ mRNA and protein expression in keratinocytes observed after DNFB sensitization ( Fig.   1 B) suggests that this chemokine could have initiated or augmented mast cell activation. The process by which DNFB application induces MIP-1␣ production by keratinocytes has not been addressed in this study, but may involve the action of a proinflammatory cytokine such as TNF (54) . After administration of neutralizing anti-MIP-1␣ antibodies, mast cell degranulation was diminished qualitatively (Fig. 2 C) and quantitatively ( Fig. 2 F) with ‫ف‬ 34% fewer mast cells being activated. This effect was specific for MIP-1␣ since no significant inhibition of mast cell degranulation was observed after neutralization of MIP-1␤ (Fig. 2, D and F) . Since mast cells have been reported to produce MIP-1␣ (14, 15), it seems likely that local production of MIP-1␣, initiated by keratinocytes and augmented by neutrophils and mast cells themselves, represents a powerful positive feedback cycle that is partially responsible for the prolonged mast cell degranulation observed. Additional mediators that may be contributing to mast cell activation are IP-10 and MCP-1, whose genes have been found to be induced in murine skin after application of hapten (46, 50, 51) .
A second major finding is the migration of skin mast cells to draining lymph nodes during DNFB sensitization. Application of DNFB to abdominal skin resulted in an ‫ف‬ 50% reduction in the density of local tissue mast cells ( Fig. 3 A) . This reduction is not explicable by a failure to visualize completely degranulated mast cells that were not stained with toluidine blue, as even extensively degranulated mast cells were clearly visible as clumps of residual granules (Fig. 2 B) . In parallel with the loss of skin mast cells, there was a rapid increase in the mast cell density in the draining lymph nodes (Fig. 3, B and  C) . The rapid kinetics and selective expansion in the subcapsular region of the lymph nodes are most readily explained by the arrival of mast cells via afferent lymphatics rather than by local proliferation. Rapid increases in lung mast cell numbers in dogs (33) and human asthmatics (34) after antigen exposure provide support for our data and the notion of mast cell movement within tissues.
To confirm that skin mast cells migrate to draining lymph nodes, we fluorescent-labeled cultured mast cells and tracked them after injection into the footpads of mice. Numerous fluorescent mast cells remained within the footpad skin when assessed 76 h after injection (Fig. 4, A and B) . Treatment of the footpad with DNFB resulted in migration of (red) fluorescent cells to the draining popliteal lymph node (Fig. 4 D) , but not to lymph nodes on the contralateral node (Fig. 4 C) , indicating migration via afferent lymphatics rather than via the vasculature. There was minimal migration of (green) labeled cells from the vehicle control-treated footpad to lymph nodes on either side. These results are the first direct in vivo evidence that mast cells migrate via afferent lymphatics to draining lymph nodes. Furthermore, the appearance of fluorescent mast cells in the spleen (Fig. 4 E) is consistent with subsequent migration from lymph nodes to the blood stream, presumably via efferent lymphatics, and is supported by a recent study showing that jejunal mast cells migrate to the spleen during resolution of intestinal parasitic infection (35) .
The mechanisms responsible for mast cell migration are poorly understood. Of the various molecules studied, the chemokines, MCP-1, RANTES, PF4, and MIP-1␣ (30), the complement proteins, C1q, C3a, and C5a (55, 56) , the angiogenic factors, PDGF, VEGF, and bFGF (57) , and the cytokines, IL-3 (58), TGF-␤ (59), and stem cell factor (60) have been reported to be chemotactic for mast cells in vitro. Activa-tion of cutaneous dendritic cells by TNF has been associated with their migration to lymph nodes (61). In this study, mast cells appearing in lymph nodes after DNFB exhibited no evidence of degranulation as assessed by toluidine blue staining, suggesting that the stimuli for degranulation and migration of mast cells are distinct. Indeed, it is unlikely that MIP-1␣ was responsible for mediating mast cell migration to lymph nodes, since it was more abundantly expressed in the skin than lymph nodes (41), creating a gradient that would favor retention of mast cells in the skin. In addition, neutralization of MIP-1␣ had no effect on either the decrease of mast cell numbers in the skin or the increase in lymph nodes during DNFB sensitization.
It is well-established that epidermal Langerhans cells take up antigen in the skin and move into regional lymph nodes via afferent lymphatics (62) , wherein they present antigen to T lymphocytes. The observations in this study that dermal mast cells follow the same course raise the possibility that mast cells may also be transporting antigen in this fashion. Several studies have provided evidence that mast cells can act as antigenpresenting cells in vitro (17, 19) , a function that is augmented by cytokines such as GM-CSF and IL-4 and abrogated by IFN-␥ (18).
Whereas mouse and human mast cells have been shown to express various chemokine genes in vitro (14-16), this study is the first demonstration of expression of MIP-1␤ by mast cells in vivo in the setting of an inflammatory response (Fig. 1, E  and F, and Fig. 4, G and H) . Although this expression was relatively limited in the skin, in comparison to keratinocytes and fibroblasts, mast cells were an abundant and predominant source of MIP-1␤ in the draining lymph nodes during DNFB sensitization. Since human MIP-1␤ is chemotactic for T lymphocytes (63, 64) , the migration of mast cells from the skin to lymph nodes and their production of MIP-1␤ may be an important mechanism to facilitate T lymphocyte recruitment to lymph nodes. In support of this, inhibition of mast cell-derived MIP-1␤ using neutralizing antibody resulted in ‫ف‬ 50% inhibition in the recruitment of T lymphocytes to lymph nodes during DNFB sensitization (Table I) .
The immunological processes we have observed in this study allow us to hypothesize a sequence of events occurring in the sensitization phase of DNFB-induced contact sensitivity. Antigen encounter elicits, among other events, a rapid induction of MIP-1␣ production by keratinocytes, one result of which is local mast cell activation. Release of a range of mediators by mast cells causes acute inflammation, including neutrophil recruitment. MIP-1␣ production by neutrophils, fibroblasts, and mast cells themselves augments and prolongs mast cell degranulation resulting in a positive feedback system. At the same time, mast cells traffic to the draining lymph nodes and produce MIP-1␤. In lymph nodes, mast cells are the primary source of this chemokine that participates in T lymphocyte recruitment to facilitate antigen presentation and the initiation of an adaptive immune response.
